Prophages are common in many bacterial genomes. Distinguishing putatively viable prophages from nonviable sequences can be a challenge, since some prophages are remnants of once-functional prophages that have been rendered inactive by mutational changes. In some cases, a putative prophage may be missed due to the lack of recognizable prophage loci. The genome of a marine roseobacter, Roseovarius nubinhibens ISM (hereinafter referred to as ISM), was recently sequenced and was reported to contain no intact prophage based on customary bioinformatic analysis. However, prophage induction experiments performed with this organism led to a different conclusion. In the laboratory, virus-like particles in the ISM culture increased more than 3 orders of magnitude following induction with mitomycin C. After careful examination of the ISM genome sequence, a putative prophage (ISM-pro1) was identified. Although this prophage contains only minimal phage-like genes, we demonstrated that this "hidden" prophage is inducible. Genomic analysis and reannotation showed that most of the ISM-pro1 open reading frames (ORFs) display the highest sequence similarity with Rhodobacterales bacterial genes and some ORFs are only distantly related to genes of other known phages or prophages. Comparative genomic analyses indicated that ISM-pro1-like prophages or prophage remnants are also present in other Rhodobacterales genomes. In addition, the lysis of ISM by this previously unrecognized prophage appeared to increase the production of gene transfer agents (GTAs). Our study suggests that a combination of in silico genomic analyses and experimental laboratory work is needed to fully understand the lysogenic features of a given bacterium.
Prophages are common in many bacterial genomes. Distinguishing putatively viable prophages from nonviable sequences can be a challenge, since some prophages are remnants of once-functional prophages that have been rendered inactive by mutational changes. In some cases, a putative prophage may be missed due to the lack of recognizable prophage loci. The genome of a marine roseobacter, Roseovarius nubinhibens ISM (hereinafter referred to as ISM), was recently sequenced and was reported to contain no intact prophage based on customary bioinformatic analysis. However, prophage induction experiments performed with this organism led to a different conclusion. In the laboratory, virus-like particles in the ISM culture increased more than 3 orders of magnitude following induction with mitomycin C. After careful examination of the ISM genome sequence, a putative prophage (ISM-pro1) was identified. Although this prophage contains only minimal phage-like genes, we demonstrated that this "hidden" prophage is inducible. Genomic analysis and reannotation showed that most of the ISM-pro1 open reading frames (ORFs) display the highest sequence similarity with Rhodobacterales bacterial genes and some ORFs are only distantly related to genes of other known phages or prophages. Comparative genomic analyses indicated that ISM-pro1-like prophages or prophage remnants are also present in other Rhodobacterales genomes. In addition, the lysis of ISM by this previously unrecognized prophage appeared to increase the production of gene transfer agents (GTAs). Our study suggests that a combination of in silico genomic analyses and experimental laboratory work is needed to fully understand the lysogenic features of a given bacterium.
Lysogeny is a symbiotic relationship between bacteria and prophages (1) . DNA of these prophages is integrated into the host bacterial chromosomes and can be induced to lyse the host cells and become free phage particles under certain circumstances. Prophages can be viewed from a bacterial perspective as "dangerous molecular time bombs" (27) , and they also play important roles in biological properties and evolutionary changes of their bacterial hosts (5, 7-10, 12, 24, 27) . Ackermann and DuBow (1) reported about 47% of isolated terrestrial bacteria are lysogenic. Similarly, lysogeny is also common in bacteria living in the seas. A wide range (from 28 to 71%) of marine bacterial isolates have been reported to contain prophages inducible by mitomycin C or UV irradiation (17, 19, 23, 32) , and lysogeny is also widely present in marine bacterial communities (17, 18, (33) (34) (35) (36) . After a genomic search of 113 different marine bacteria, 43% were reported to contain prophage-like elements in their genome sequences (27) .
Prophages are known to play an important role in genomic diversification of bacteria via horizontal gene transfer. In order to understand the evolution of bacterial genomes, it is essential to search for the presence and location of prophage(s) when an annotated bacterial genome sequence becomes available. Many bioinformatic methods and criteria have been developed to detect the prophage in bacterial genomes, namely, a BLAST-based protein similarity approach (PSA) method (28, 30) , the dinucleotide relative abundance (DRA) method (31) , and assessment of GC content, codon usage pattern, and amino acid usage (11) . When screening a bacterial genome for prophage(s), it is a common practice to manually examine the bacterial genome sequence and search for the clusters of phage-like genes (11, 26, 27) . Alternatively, Prophage Finder (4) and Phage_Finder (http://phage-finder .sourceforge.net) (15) , based on BLAST sequence comparison, can be used for quick identification of prophages. It is known that a large fraction of the prophages identified solely by genomic analysis appear to be defective and inactive (8, 11) . Defective prophages may lack the ability to lyse the cell, but certain functional genes in these defective prophages could be beneficial to the evolution and ecological fitness of their hosts.
However, identifying a functional prophage in a bacterial genome sequence is challenging for the following reasons: (i) bacterial genomes may not be fully annotated, and some phage-like open reading frames (ORFs) may therefore be missed; (ii) only a few phage-like genes may be found within a short sequence region; (iii) phage-like genes are spread over a reasonably compact region, but the whole element represents only the remnant of a once-functional prophage that has been subject to mutational decay and thus is no longer inducible; (iv) owing to their great diversity, yet-undiscovered prophages may be hidden within bacterial genomes currently considered fully annotated. We reported here the finding of a "hidden" inducible prophage from a marine bacterium, Roseovarius nubinhibens ISM, isolated from the surface water of the Caribbean Sea (16) . The genome of ISM was sequenced and deposited at the Roseobase (http://www.roseobase.org/roseo /nubinhibens.html) and NCBI (http://www.ncbi.nlm.nih.gov) databases. Our study shows that a putative prophage can be easily missed with in silico analysis. Even with manual analysis, no intact prophage was found in ISM genome (27) . How did we find the ISM prophage?
MATERIALS AND METHODS
Bacterial strain and medium. Roseovarius nubinhibens ISM was kindly provided by Mary Ann Moran at the University of Georgia. ISM was grown in YTSS medium (4 g liter Ϫ1 yeast extract, 2.5 g liter Ϫ1 tryptone, 20 g liter Ϫ1 Crystal Sea salt) at 28°C and was shaken at 200 rpm during induction.
Mitomycin C induction and virus-like particle (VLP) counts with SYBR gold. Exponentially growing culture of ISM (optical density at 600 nm [OD 600 ] ϭ 0.2) was split equally into two flasks. One was induced by the addition of mitomycin C (final concentration, 0.5 g ml Ϫ1 ) (Sigma Chemical Co., St. Louis, MO), and the other served as a control. After 24 h, the quantity of VLPs was enumerated by epifluorescence microscopy, following the method described by Chen et al. (13) . Briefly, 1 to 10 l of each sample was suspended in 1 ml TE buffer (Tris 10 mM, EDTA 1 mM, pH 7.5) and then filtered through a 0.02-m-pore-size 25-mm Anodisc membrane filter (Whatman, Clifton, NJ) under vacuum pressure at ca. 10 mm Hg. The cells were stained with 1ϫ SYBR gold (Molecular Probes, Eugene, OR) for 20 min in the dark. VLPs were counted under blue excitation (485 nm) at magnification ϫ1,000 using a Zeiss Axioplan epifluorescence microscope. At least a total of 300 VLPs were counted from 10 random view fields. When a highly fluorescent background was encountered, lysates were treated with DNase and RNase at a final concentration of 50 g ml Ϫ1 (each) for 30 min prior to SYBR gold staining.
Purification of induced VLPs. One liter of the ISM culture was induced by mitomycin C. VLPs were concentrated using polyethylene glycol 8000 (PEG 8000) as described previously (14), with modifications. The PEG-concentrated VLPs were layered on a 10 to 50% iodixanol (OptiPrep; Sigma-Aldrich, St. Louis, MO) gradient and centrifuged for 2 h at 100,000 ϫ g using a Sorvall Discovery 100S centrifuge. The visible viral band (ca. 0.5 ml) was extracted using an 18-gauge needle syringe and then dialyzed twice in TM buffer (20 mM Tris [pH 7.5], 10 mM MgSO 4 ) overnight at 4°C. DNase and RNase were then used to remove nucleic acids outside the viral particles (final concentration, 10 g ml Ϫ1 each). Purified VLPs were stored at 4°C in the dark for later analysis.
Transmission electron microscopy (TEM). For electron microscopy, VLPs were sedimented for 60 min at 25,000 ϫ g in a Beckman (Palo Alto, CA) J2-21 high-speed centrifuge using a JA-18.1 fixed-angle rotor and were washed twice in 0.1 M ammonium acetate buffer (pH 7.0). Purified phage particles were deposited on carbon-coated copper grids for 1 min, stained with 2% potassium phosphotungstate (pH 7.0), and examined with a Philips EM 300 electron microscope operated at 60 kV. Magnification was monitored using T4 phage tails.
PFGE. Pulsed-field gel electrophoresis (PFGE) analysis, including sample digestion and gel preparation, was carried out according to the method described previously (37) . PFGE was run using a Chef DR-III clamped homogeneous electric field system (Bio-Rad, Richmond, CA) with a 1% agarose gel (pulsedfield certified agarose; Bio-Rad), a 1-to 25-s pulse ramp, a voltage rate of 6.0 V cm Ϫ1 with an included angle of 120°at a constant temperature of 14°C, and a run time of 20 h. The gel was stained with 1ϫ SYBR gold and visualized with a Typhoon 9410 imager (Amersham Biosciences, Piscataway, NJ).
Primer design and PCR amplification. One PCR primer set, ISM-150F (5Ј-GAG GCG GAT TTC AAA AAG GC-3Ј) and ISM-970R (5Ј-GGA AGT TCT TGG TGC TGG CA-3Ј), was designed based on the major capsid gene located in the ISM-pro1 region (accession no. ZP_00960168).
The primer sets MCP-109F/368R (39), SO-1 (5Ј-CCT GTC GCA CAA TGG CTT TG Ϫ3Ј)/SO-2 (5Ј-GTA ATA GGG GTC GGG GTT GAA G-3Ј), and 16S 27F (5Ј-AGAGTITGATCCTGGCTCAG-3Ј)/1492R (5Ј-TACGGCTACCTTGT TACGA CTT-3Ј) were based on conserved regions of the gene transfer agent (GTA) major capsid gene g5, sob gene, and 16S rRNA gene. These three primers were included to detect the presence of host genomic DNA.
PCR was performed in a 50-l volume containing 1ϫ reaction buffer (GenScript, Piscataway, NJ) with 1.5 mM MgCl 2 , a 100 M concentration of each deoxynucleoside triphosphate, 10 pmol of each primer, and 1 U Taq DNA polymerase (GenScript). PFGE bands a and b (see Fig. 2A ) were excised, resuspended in 100 l of PCR water, and stored at 4°C overnight. Two microliters of the supernatant was used as a PCR template. For purified VLPs, 1 l was used as a PCR template. The PCR program for all reactions included an initial denaturing step at 94°C for 3 min, followed by 30 cycles of 94°C for 1 min, annealing at 50°C for 30 s, and 72°C for 1 min, followed by a final extension step at 72°C for 10 min.
Analysis of ISM induced VLP proteins. Purified VLP suspension was mixed with equal volumes of 2ϫ Laemmli buffer (125 mM Tris-HCl [pH 6.8], 10% 2-mercaptoethanol, 4% sodium dodecyl sulfate [SDS], 20% glycerol, 0.004% bromphenol blue) and boiled for 5 min (20) . Proteins were separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gel using a universal mutation detection system (Bio-Rad Laboratories, Hercules, CA). The gel was stained with Coomassie blue. Protein molecular mass standards (Bio-Rad) with molecular masses ranging from 10 to 250 kDa were used to determine the molecular mass of the protein. The major protein band was excised and analyzed via matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS). The resulting peptide mass fingerprints were search against the GenBank database using a Web-based peptide mass fingerprints analysis tool, Mascot (http://www.matrixscience.com/search_form_select.html).
Sequence analysis. Putative prophage sequences in the ISM genome were identified using Prophage Finder (4). The ISM genome was manually analyzed for the presence of putative prophage. First, the genome was scanned for the phage-related genes. When a phage-related gene was found, the genes in the vicinity were also examined. Reannotation of putative prophage (ISM-pro1) ORFs was done by performing a BLASTP search against GenBank database (2) . The beginning and end of a specific prophage genome were estimated based on the annotation of the surrounding genes.
tRNA was searched in the ISM-pro1 genome by using tRNAscan-SE (25). Putative ORFs from Roseobacter sp. CCS2, Sulfitobacter sp. NAS 14.1, and Rhodobacter sphaeroides 2.4.1 were analyzed using BLASTP.
RESULTS AND DISCUSSION

ISM produces inducible virus-like particles (VLPs).
After addition of mitomycin C (0.5 g ml Ϫ1 ) to an exponentially growing culture of ISM, lysis of host cells and a dramatic increase in VLP abundance (from ca. 0.3 ϫ 10 6 to 1.2 ϫ 10 10 ml Ϫ1 ) was observed 24 h posttreatment. In contrast, VLPs in the control increased only to ca. 0.6 ϫ 10 7 ml Ϫ1 , possibly due to the spontaneous induction. The induction efficiency was comparable to that of another roseobacter, Silicibacter sp. TM1040, in which VLPs increased from 10 6 to 10 9 ml Ϫ1 after mitomycin C induction (14) . The induced VLPs were siphoviruses with long, flexible tails (of about 150 by 8 nm) and polyhedral heads (of about 55 nm in diameter) (Fig. 1A) . The vast majority of VLPs consisted of empty heads (with no stainable materials) and broken tails (Fig. 1B) , suggesting that the VLPs produced by strain ISM contain a high proportion of defective phages.
PFGE analysis showed that the induced VLPs were associated with a DNA fragment of ca. 30 kb which formed concatemers ( Fig. 2A) . Interestingly, a few smaller DNA fragments (ca. 3, 4, and 12 kb in size) were also detected on the PFGE gel ( Fig. 2A) . It is likely that these small bands resulted from the DNA fragments contained by gene transfer agent (GTA) particles (see the GTA section).
Identification of a putative prophage in the ISM genome. A search for potential prophages in the ISM genome using Prophage Finder yielded several putative prophages. However, none of these putative prophages was in the 30-kb size range as evidenced in the PFGE gel. We then carefully scanned the ISM genome to locate all phage-related genes. One 27-kb region that contains an integrase gene and some other phage-related genes drew our attention. Most of the genes in this region were first annotated as hypothetical proteins, and very few were assigned a function. We then applied BLASTP to reanalyze all the ORFs in this region, and more recognizable phage-like genes were found (Table 1 and Fig. 3 ). It should be noted that this putative prophage (ISM-pro1) contains many genes related to bacteria (Table 1) , which makes this prophage less recognizable for Prophage Finder or other approaches. The ISM-pro1 genome likely extends from ISM_12685 (phage integrase) to ISM_12880 in the ISM genome.
In order to confirm that the induced VLPs matched the prophage detected in the ISM genome, a primer set targeting the major capsid gene (ORF 19) of ISM-pro1 was designed. PCR products of the expected size (ca. 820 bp) were amplified from templates prepared from either induced prophage lysates or gel-purified VLP genomic DNA bands ( Fig. 2A) (data not shown). Sequences of these PCR amplicons were 100% identical to the major capsid gene of ISM-pro1. Three host-specific genes, g5, sob, and the 16S rRNA gene, could not be PCR amplified, indicating that both the induced VLPs and the gelpurified prophage genomic DNA were free of host DNA contamination.
In addition, the protein profile of induced VLPs was analyzed using an SDS-PAGE gel (Fig. 2B) . Four major polypeptides were visible (Fig. 2B, lane 1) , and the protein with a molecular mass of ϳ45 kDa was characterized by mass spectrometry. The mass fingerprint of this polypeptide matched the ISM-pro1 major capsid protein (45.3 kDa; accession number ZP_00960168). Both DNA and protein analyses confirmed that the inducible VLPs with a DNA content of ca. 30 kb are indeed produced from ISM-pro1.
Genome analysis of prophage ISM-pro1. Genomic analysis revealed that the genome size of ISM-pro1 is 26,858 bp with a GϩC content of 60%, which is slightly lower than that of ISM (63%). In total, ISM-pro1 contains 40 predicted open reading frames (ORFs). The location of ISM-pro1 in the bacterial genome also considered the surrounding bacterial genes. Twenty-eight ORFs yield significant hits in the GenBank database, and 25 ORFs are most closely related to the genes found in Rhodobacterales bacteria. Only 11 ISM-pro1 ORFs were assigned putative functions ( Fig. 3 ). These ORFs are putatively involved in the main steps of the prophage's life cycle: integration, DNA packaging, morphogenesis, and bacterial lysis (Fig. 3) . Since the majority of the ISM-pro1 ORFs have unknown functions, it is difficult to subdivide the genome into functional modules, and the repressors, transcriptional regulator, and DNA replication genes have not been identified in the ISM-pro1 genome. In addition, no tRNA gene was found in ISM-prol by using tRNAscan-SE.
ORF 1 encodes an integrase gene which is most similar to the integrase of Paracoccus denitrificans PD1222. ORF 14 encodes the HNH nuclease, which shares sequence similarity with nucleases encoded by other bacteria and siphoviruses. ORF 15 and ORF 16 encode the phage terminase small and large subunits, respectively, which are involved in phage DNA packaging. ORFs 17, 18, 19, 22 , and 28 are identified as phage morphogenesis genes. Sequence analysis revealed that ISMpro1 morphogenesis genes show distant relatedness to the lambda group of siphoviruses. ISM-pro1 head morphogenesis genes including ORFs 17, 18, and 19 (encoding portal-protease-major capsid protein) share weak sequence identity and the same gene order with those of the lambda-group siphoviruses, which includes Burkholderia phage phi644-2, Burkholderia phage phiE125, and Klebsiella phage phiKO2. For example, the products of ISM-pro1 ORFs 17, 18, and 19 share 22, 28, and 39% amino acid identity with Burkholderia phage phiE125 gp4, 5, and 6, respectively (38) . In addition, ISM-pro1 ORF 28 also shows partial sequence identity with tail tape measure protein of lambdoid Pseudomonas phage D3 (51% amino acid identity over the N-terminal 213-amino-acid [aa] region). ORF 35 encodes the putative phage lysozyme and contains the glycoside hydrolase family 19 chitinase domain (cd00325). Close relatives of ISM-pro1. A GenBank BLASTP search showed that 25 of 40 ISM-pro1 ORFs have homologues in other members of the Rhodobacterales, suggesting that it may be possible to find ISM-pro1 relatives in some Rhodobacterales genomes. A close examination of these bacterial genomes identified prophage-like elements in Roseobacter sp. CCS2, Sulfitobacter sp. NAS-14.1, and Rhodobacter sphaeroides 2.4.1. The putative prophages in these bacterial genomes were similar to ISM-pro1 in genome size and gene arrangement (Fig. 4) . ISM-pro1 shares 18, 11, and 18 ORFs with prophages from Roseobacter sp. CCS2, Sulfitobacter sp. NAS-14.1, and Rhodobacter sphaeroides 2.4.1, respectively. These homologous ORFs are arranged in a similar gene order with the exception of ORFs 23 and 24 in Roseobacter sp. CCS2 prophage, whose order was different from those in other related prophages (Fig. 4A) . These prophages share identity in DNA packaging, morphogenesis, and some unknown genes. Compared to Roseobacter sp. CCS2 prophage and Rhodobacter sphaeroides 2.4.1 prophage, Sulfitobacter sp. NAS-14.1 prophage shares fewer ORFs with ISM-pro1. In addition, the Sulfitobacter sp. NAS-14.1 prophage also has morphogenesis genes that are very distantly related to those of ISM-pro1, although they all show relatedness to the siphoviruses of the lambda group. This relatedness of these individual prophages suggests that this type of prophage is common in Rhodobacterales and may play important roles in horizontal gene transfer during evolution. However, the genomes of these prophages also appear to be mosaics, implying that they evolved with much genetic exchange (Fig. 4) . Our comparative analysis suggests that Roseobacter strain CCS2 may also contain a prophage similar to ISM prophage, which may have gone undetected in a previous screening of the genome of Roseobacter sp. CCS2 by Paul (27) . The induction experiment should be conducted to confirm the lysogeny of Roseobacter sp. CCS2, Sulfitobacter sp. NAS-14, and Rhodobacter spaeroides 2.4.1.
Small size of encapsidated DNA. One interesting phenomenon observed after prophage induction is the presence of Fig. 2A) . These bands were invisible when ISM was not induced by mitomycin C. We hypothesize that these small DNA fragments were from gene transfer agent (GTA) particles released by ISM. A GTA is a small phage-like particle containing a random, small fragment of bacterial genomic DNA (29) . The genes that encode R. capsulatus GTA have been characterized (21) . Recently, related, conserved GTA gene clusters were found in, and appear to be limited to, the Rhodobacterales and other Alphaproteobacteria (3, 22) . The genome of ISM contains a conserved GTA gene cluster similar to that of many marine roseobacters (3, 27) . Do these small PFGE bands result from the DNA fragments enclosed in the GTA particles? GTA particles in R. capsulatus are known to contain an ϳ4.5-kb DNA fragment (29) . A 10-kb DNA fragment associated with GTA has been reported in the alphaproteobacterium Azospirillum lipoferum (6) . Recently it was found that virus-like particles released from Silicibacter sp. TM1040 also contain a ca. 3-kb DNA fragment (Y. Zhao et al., unpublished data). Earlier studies showed that GTAs are not inducible by mitomycin C (29) . Without mitomycin C induction, we could not detect these small DNA bands in PFGE (data not shown). It is possible that induction of the ISM prophage and viral lysis may help to release more GTA particles from ISM cells, thereby making the small DNA bands from GTA more visible on PFGE gels. We also cannot exclude the possibility that these small DNA fragments come from additional cellular DNA segments packed in prophage capsids. Further studies are warranted to understand the source of these small DNA fragments. Conclusion. Using a combination of biological and genomic approaches, we confirmed that a marine bacterium, Roseovarius nubinhibens ISM, contains an inducible prophage. Our study demonstrated that identification of prophages based solely on known bacterial or phage genomes could be misleading. Prophage identification is still facing unexpected challenges, and we are far from a complete understanding of the structure and function of prophages. Reannotation of prophage-like regions in bacterial genomes is necessary for proper identification of prophages. In addition, prophage induction experiments should be performed to test for functional prophages.
